The continuous solid solutions
INTRODUCTION
Calcium hydroxyapatite [Ca10(PO4)6(OH)2, designated as Ca-HAp] with a typical apatite structure is a primary constituent of vertebral animal's hard tissues and many researchers are interested in it due to its utility in the fields of bioceramics , catalyst, adsorbent, and so on.1) Ca-HAp has a high capacity for substitution of Ca ions by heavy metal ions due to its flexible crystal structure. Ca ion sites in Ca-HAp can be replaced by various divalent cations such as Sr2+, Ba2+, Pb2+, Cd2+, and so on.2) and Ca-HAp has been used to remove toxic heavy metal ions from industrial waste water . 3) In the apatite structure, the Ca ions occupy two types of nonequivalent sites: M (1) is at the fourfold symmetry 4(f) position and M (2) is at the sixfold symmetry 6(h) position.3) it is interesting to determine the occupation site of different metal ions in the apatite structure for better understanding the flexibility of the structure. The solid solutions in the system of Ca-Cd HAp,4), 5) Ca-Sr HAp6), 7) and Ca-Pb HAp8), 9) were mainly prepared by the solid state reactions or aqueous reactions . The former method gives the products with high crystallinity, but the hydroxyl defects in the structure must be formed due to the high temperature treatments. On the other hand , the crystallinity of the products synthesized by the aqueous reactions is usually low even without hydroxyl defects in the structure. The low crystallinity and hydroxyl defect in the samples must cause inaccuracy in the structural investigation .
Hydrothermal 
RESULTS

AND DISCUSSION
The XRD patterns of the products are shown in Fig . 1 . All products were identified to be pure apatite phase , independent of the M(M+Ca) molar ratio . Thus, continuous solid solutions in the system of Ca-Sr HAp , Ca-Cd HAp and Ca-Pb HAp were formed by the hydrothermal reactions .
In the system of Ca-Cd HAp (Fig . 1A) , the peaks shifted to higher angle with the increase in the Cd/(Cd+Ca) molar ratio due to the incorporation of smaller Cd i ons On the other hand, in the system of Ca-Sr HAp (Fig . 113) and Ca-Pb HAp (Fig.1C) , the peaks shifted to lower angle with the increase in the M/(M+Ca) molar ratio due to the incorporation of larger ions into the Ca HAp structure . In the case of the Ca-Pb solid solutions, the shift of the peaks was discontinuous . In the middle compositions of Pb/(Pb+Ca) molar ratio from 0 .4 to 0.7, the peaks did not shift with the increase in Pb content.
The lattice constants of the apatite phases are plotted in Fig . 2 against (2)).
In the system of Ca-Pb HAp (Fig.2C) , the lattice constants of both a and c did not vary linearly with the compositions. They increased with the increase in the Pb content from 0 to 0.4 and from 0.6 to 1, but did not change from 0.4 to 0.6. The variation of the lattice constants of the Ca-Pb HAp solid solutions is explained by the results of the preferential occupancy of Pb ions in the M (2) sites of the apatite structure, which will be shown later. In general, the incorporation of large ions in the columns (M (1) sites) parallel to the c-axis of the apatite structure provokes a greater enlargement of the c-axis dimension than in the M (2) sites, because the M (1) sites have the shorter metal (1)-metal (1) distances in comparison with the M (2) sites. When Ca ions were added to Pb HAp up to 40%, the M (2) sites were occupied only by Pb ions. In other words, Ca ions preferentially occupied the M (1) sites, which caused the decease of c axis more than a axis. When Pb ions were added to Ca HAp, they had a tendency to occupy the M (2) sites, which had a larger effect on a-axis than c-axis. Thus, the a axis increased more than the c axis. In the middle composition, the occupancy of Pb ions in the M (2) sites remarkably increased and slightly decreased in the M (1) site, when the content of Pb ions increased in the solid solutions. The slight decrease of the occupancy of Pb ions in the M (1) sites might give the unchangeable lattice constants even with the increase in total Pb ions in the apatite structure.
The occupancy of the metal ions in the apatite structure was analyzed by Rietveld method, and the results are shown in Fig. 3 . The solid line without marks shows the normal occupation of metal ions in M (1) and M (2) sites without preference.
In the system of Ca-Cd HAp (Fig.3A) , Cd ions had a slight tendency to occupy sites preferentially in the solid solutions. The tendency of Cd ions to occupy M (2) sites was the strongest with the Cd/(Cd+Ca) molar ratio of 0.5. In the system of Ca-Sr HAp (Fig.3B) , Sr ions preferentially occupied M (2) sites in the solid solutions with higher Sr/(Sr+Ca) molar ratios. In the system of Ca-Pb HAp (Fig .3C) , Pb ions had a remarkable tendency to occupy the M (2) sites in the solid solutions . Badraoui et al. studied on occupancy of metal ions in the apatite structure in the Cd-Pb,14) Sr-Pb 15) and Cd-Sr 16) HApsystem. In the solid solutions with a small amount of Cd in Pb HAp, Cd ions displayed a clear preference for the M (1) site occupation of the apatite structure. In the case of Sr-Pb HAp, a clear preference of Pb ions for the M (2) site occupation of the apatite structure. They concluded that larger ions preferentially occupied the M (2) sites, because in the M (2) sites the arrangement of the staggered equilateral triangles allowed for the optimization of the packing of large ions, in contrast to the M (1) sites where the strict alignment in the columns caused a stronger repulsion. Our result from the Ca-Sr and Ca-Pb HAp solid solutions, that is, preferential occupancy of Sr and Pb in M (2) sites, is in agreement with their result, because the radius of Sr ion and Pb ion is larger than that of Ca ion. In the system of Ca-Cd Hap, however, Cd has a slight tendency to occupy M (2) sites in the apatite structure even though the ionic radius of Cd2+ is smaller than that of Ca2+ . Badraoui et al. 16 an increase in the electronegativity of the counter ion leads to an increase in the covalent character of the bond between the cation and the carboxyl group in metal arachidates. The electronegativity of Cd2+ (1.7) is much larger than that of Ca2+ (1.0), so that Cd ions display a greater tendency to increase the covalent interactions and directional bonding with hydroxyl groups which locate at the channel surrounded by metal ions in the M (2) sites. In other word, Cd ions with larger electronegativity preferentially occupy the M (2) sites. Thus, the preferential occupancy of metal ions in the apatite structure can be explained mainly by ionic radius and electronegativity of the metal ions.
